Biosensors and Bioelectronics 96 (2017) 17-25

Contents lists available at ScienceDirect

Biosensors and Bioelectronics

journal homepage: www.elsevier.com/locate/bios

Recent progress in Prussian blue films: Methods used to control regular
nanostructures for electrochemical biosensing applications

@ CrossMark

Zhenyu Chu, Yu Liu, Wanqin Jin*

State Key Laboratory of Materials-Oriented Chemical Engineering, Jiangsu National Synergetic Innovation Center for Advanced Materials, College of
Chemical Engineering, Nanjing Tech University, 5 Xinmofan Road, Nanjing 210009, PR China

ARTICLE INFO ABSTRACT

In the last decade, Prussian blue (PB) has attracted increased scientific interest in various research fields, such
as fuel cells, gas separation and pollution treatment. Due to its advanced catalysis, biocompatibility, selectivity
and stability, PB has been widely used in biosensor construction. However, the formation of regular PB
nanostructures is challenging due to its fast crystallization rate. Recently, developments in this research area
have increased due to emerging novel synthesis methods in nanoscale technology. Various regular nanos-
tructures of PB films that show superior biosensing performance have been prepared. In this review, recent
research progress in PB nanostructures is summarized, with special emphasis on the methodology of
nanostructure control. The mechanism and key factors in regular PB crystallization are also discussed for each
synthesis method. The performance of PB nanostructure-based biosensors is compared with others to show the
advantages of nanostructure control. The methodology discussed in this review not only include the regular
growth of PB films, but also provides information on the nanostructure control of more crystalline materials,
including PB analogues, noble metals, metal oxides and coordination compounds. In addition to biosensing
applications and the development of more advanced nanostructures, PB has also shown increased advanced
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properties in other scientific areas.

1. Introduction

Prussian blue (PB), which is a typical hexacyanoferrate coordina-
tion compound (Fig. la), has attracted considerable attention in
various scientific fields due to its unique properties (Ferlay et al.,
1995; Karyakin et al., 1995; Buser et al., 1977; Lu et al., 2012). It was
first synthesized for use as a dark blue pigment (Fig. 1b) by the German
paint maker Diesbach in 1704 (Holtzman, 1945). This material has a
face-centered cubic structure of the unit cell, the ideal edge length of
the cell lattice is 10.143 A and is composed of only three elements:
iron, carbon and nitrogen (Itaya et al., 1986; Herren et al., 1980). Due
to its cell structure and composition, it was known as a simple metal
organic frameworks (MOFs) material by some researchers (Okubo
et al., 2010; Xiao et al., 2015), but it is much more stable than MOFs,
especially in water.

Interestingly, each neighboring iron in PB has two different
valances, Fe(Il) and Fe(IIl), for building the skeleton with the CN
group. Every adjacent twelve Fe-CN-Fe edges of the unit cell can
construct a large cavity which allows the entrance of alkali metal ions,
such as Na* and K*, to increase conductivity (Bleuzen et al., 2004;
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Karyakin, 2001; Crumbliss et al., 1984). Its standard chemical formula
is Fe4[Fe(CN)gls, and the Fe(II) is hex-coordinated with CN and then
combined with Fe(III). In addition to its nontoxicity and biocompat-
ibility, PB can be easily excited to induce its catalytic function due to its
low energy gap (Yamamoto et al., 2009). All the above characteristics
provide the electrocatalytic function of PB which has been widely
employed as an electrode material since 1978 (Neff et al.,, 1978;
Karyakin et al., 1995; Ricci and Palleschi, 2005).

PB is a highly efficient electrode modifier in biosensor fabrication.
To date, numerous researchers have adopted this material for the
detection of various physiological activators (Haghighi et al., 2010).
Since 1978, more than 2000 papers have been published in this field.
From 2010 to now, more than 1110 of these papers have shown
interest in the development of PB-based biosensors. However, with the
development of nanoscience, a vital disadvantage of PB has been
exposed, which is an obstacle in the further improvement of sensing
performance. This disadvantage is control of the PB nanostructure.
Traditional synthesis of PB mainly depends on the chemical reaction
between ferrocyanide and iron ion (Coleby, 1939). Although this
method results in the rapid preparation of PB, the obtained crystal
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Fig. 1. (a) Unit cell structure of PB; (b) Digital photo of painted PB ink; (¢) CV diagram of PB modified Pt electrode in 0.1 M PBS with 50 mV/s scanning rate; (d) Mechanism of PB-

based biosensor.

structure is always irregular, which may strongly affect the catalytic
ability of the prepared biosensor. Therefore, in recent years, PB
research has mainly focused on the development of methodology for
nanostructure control (Puganova and Karyakin, 2005; Gimenez-
Romero et al., 2007; Zhang et al., 2013). Various novel preparation
strategies have been designed to synthesize regular PB crystals, and
more importantly, these special nanostructures have been confirmed to
possess stronger electrocatalysis and conductivity, which obviously
improve the biosensing performance of PB films (Chu et al., 2011; Du
et al., 2010; McHale et al., 2010; Roy et al., 2011). Moreover, PB is an
important metal coordination compound with numerous family analo-
gues (Tang et al., 2016; Kaye and Long, 2005; Aguila et al., 2016). The
two Fe sites can both be changed to different metals (such as Co, Ni,
Mn, Cr), and the CN group can be replaced by other organic groups.
This type of compound has a multiple element composition and shows
various characteristics, but retains the same cell structure (Han et al.,
2016; Jiang et al., 2016). Therefore, understanding its growth beha-
vior, electrochemical features and nanostructure control technologies is
meaningful and beneficial in identifying more analogue materials and
their nanostructures in the fabrication of new biosensors.

In this review, we will describe the mechanisms of PB-based
electrochemical biosensors, introduce traditional preparation methods
(such as chemical synthesis and electrodeposition methods) and their
development history, and discuss the disadvantages of PB nanostruc-
ture control. Emphasis is given to the novel developed approaches for
the successful production of various nanostructures, and the principles
of crystallization control will be discussed to provide guidance on
material synthesis. Finally, the advantages of these regular PB nanos-
tructures and their applications in various biosensors are discussed.
Using this approach, we hope to provide an overview of recent progress
in PB nanostructure synthesis and the wide application of PB in
electrochemical biosensors. A summary of nanocontrol methodology
may provide new motivation for the development of other useful
nanostructures of PB and its analogues.

2. Electrochemical behavior of PB

The electrochemical properties of PB are mainly derived from the
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iron elements. Due to the two different valances of iron in its unit cell,
PB can produce electron movement for easy oxidation or reduction by
the external potential. There are three common forms of PB with
different valances: further oxidation of all Fe(II) to Fe(III) is called
Berlin Green (BG); mixed coexistence of Fe(II) and Fe(IIl) is PB;
transformation of all Fe(III) to Fe(II) can produce Prussian White (PW)
(Liu et al., 2009a, 2009b; Zhang et al., 2016; Sgobbi et al., 2016).
Normally, this behavior can be expressed by the cyclic voltammetry
(CV) diagram of PB (Fig. 1c). The pair of redox peaks I and IV describe
the change between PB and PW, and II and III represent the
conversion between PB and BG. Normally, because the synthesis
sources of PB contain alkali metal ions such as K* or Na*, the prepared
PB which has the ions in its lattice can show weak solubility (Doumic
et al., 2016; Manivannan et al., 2016).

The electrochemical activity of PB was demonstrated to rely on the
existence of alkali metal ions in the PB lattice (Du et al., 2016; Itaya
et al., 1982). Researchers believe the electrochemical reaction of PB is
always related to the quantitative change in alkali metal ions. However,
to date, there has been no definite clarification of its redox mechanism.
However, the electrocatalytic principle has been generally accepted.
Accompanying the transformation from PW to PB, H,0, can be quickly
reduced to OH™ by the transferred electrons, and PB can again be
reduced to PW under an appropriate potential (Qiu et al., 2007b).
During this process, PB acts as the electron carrier to transport
electrons from the electrode surface to H,O,. Due to the excellent
electrocatalysis of H>O,, PB is known as the "artificial peroxidase"
(Karyakin et al., 2000). In addition, because H>0, is one product of
most oxidase reactions, PB can be employed as the core biosensor
material in the detection of various physiological activators (Fig. 1d),
such as glucose, lactate and glutamate (Y Jiang et al., 2016; D Jiang
etal., 2016; Xu et al., 2015; Imani et al., 2016; Salazar et al., 2016). PB
has very low operation potential, normally lower than 0V (vs. Ag/
AgCl). Therefore, PB-based biosensors can possess excellent anti-
interference ability regarding other co-existing substances in blood or
serum, such as ascorbic acid and uric acid.

According to the band structure of PB, the band gap between the
highest occupied molecular orbital (HOMO) and the lowest unoccupied
molecular orbital (LUMO) is approximately 1.43 eV which belongs to
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the semiconductor (Chu et al., 2010). Hence, electron transfer resis-
tance is the main problem in electrocatalytic performance. However, a
number of reports have confirmed that not only electrocatalysis but
also resistance are definitely associated with the nanostructure of PB.
Using the same scanning parameters, AE (potential difference between
the reduction and oxidation peaks) of the PB film can shift from 0.1 to
0.2 mV with changing structures (Liu et al., 2009a, 2009b; Lu et al.,
2013). A dense film with fewer disadvantages is often beneficial in
decreasing electron transfer resistance. In contrast, regular PB crystals
that have high electrocatalysis cannot form dense films due to the
geometric stack. This trade-off between electrocatalysis and resistance
has always existed in the application of PB films. Therefore, selection of
the synthesis method on the PB nanostructure is essential for biosen-
sing performance.

3. Traditional preparation methods for PB films

The use of PB normally requires the formation of a modified film on
the electrode surface. The first synthesis of PB was based on a chemical
reaction between potash and animal blood (Ware, 2008). To date, this
method is still the fastest way of obtaining PB films. For a long time, PB
has been used as a pigment for paints without an extensive study of its
properties. Since the concept of "chemically modified electrode" was
proposed by Murray in 1975 (Murray, 1980), a PB film-modified
electrode was first prepared by Neff in the 1980s (Neff, 1978; Ellis
et al., 1981). He named this preparation method the electrochemical
deposition approach. The above two methods are the most commonly
used strategies in PB film preparation, and with continuous develop-
ment, they have also evolved to produce lots of different forms.
Electrochemical deposition is normally used in the in-situ synthesis
of PB on the electrode, and the chemical reaction method often focuses
on the formation reaction of PB before adhesion on the electrode.

3.1. Chemical reaction method

The chemical reaction method for PB film synthesis is mainly due to
the reaction between [Fe(CN)¢]* and Fe®' ions, and the reaction
equation is:

3A4Fe(CN)g + 4FeBs — Feys[Fe(CN)gls + 12 AB €))

Here, A represents the alkali metal ion, and B is the matching
anion. Ricci et al. (2003) dipped the screen-printed electrode into the
acid reaction solution which was a mixture of KsFe(CN)g and FeCls
reactants at a 1:1 concentration ratio for a preparation time of 1 h, and
then dried at 100 °C to finish. This PB film has excellent pH tolerance
to weak alkaline conditions of pH=9 (normally PB can only exist in an
acid and neutral environment). Zakharchuk et al. (1995) used a
mechanical process, the abrasive transfer technique, to immobilize
PB slurry which was synthesized by the chemical reaction method on a
carbon paste electrode for PB film preparation. This research demon-
strated that the PB film exhibited a pronounced proton exchange
property with a reversible electrochemical behavior. Other studies on
the chemical synthesis of PB films are similar to the above two
methods, and some modification and development are necessary to
improve the performance of the PB film, such as a change in the
immobilization method and the use of cross-linkers on the substrate
(Shen et al., 2009; Guo et al., 1999).

Currently, there are only a few studies that have adopted the
chemical reaction method to prepare PB films for biosensor applica-
tion. Although this method can quickly produce a large amount of PB,
it does not control the nanostructure of the synthesized PB with
satisfactory reproducibility. Moreover, the ex-situ preparation often
demands the assistance of sticky cross-linkers which increase the
interface resistance to decrease the efficiency of electron transfer.
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3.2. Electrochemical deposition method

Electrochemical deposition is the most frequently used technology
for PB film preparation. It works by using certain cycle potentials on
the electrode to drive the reduction or oxidation of the electroactive
target on the supporting electrode for film formation. In the literature,
electrochemical deposition mainly consists of three strategies: constant
current, constant potential and CV scanning processes. The first
adoption of this approach for PB film preparation was performed in
1978. Neff (1978) imposed a constant current of 1 mA on a platinum
foil which was immersed in a reactive solution prepared using an equal
amount of 0.01 M FeCl; and K4[Fe(CN)¢] with 1 M HCI for 1 h to allow
deposition. This electrode was the first electrodeposited PB film, and
inspired by this work, numerous modified electrochemical deposition
approaches have been developed. Subsequently, Itaya et al. (1986)
dipped a cathodically polarized electrode into a mixture of ferric
ferricyanide solution for PB film preparation. He proposed that the
supporting electrode material had a big influence on the electrodeposi-
tion effects. Organic substrates cannot be used in electrochemical
deposition due to rapid cover of PB on the electrode surface with very
poor adherence during oxidation of the PB film. Karyakin et al. (1999)
used a constant 0.4 V for the preparation of a PB film, and obtained a
highly sensitive PB biosensor after 60 s deposition. This study demon-
strated that PB can maintain stability under negative potential with
neutral supporting electrolyte solutions. In addition, this group used
CV scanning between -0.1 and 0.5 V to modify PB on a glassy carbon
electrode using redox processes (Karyakin et al., 2007). After 10 min
deposition, an integrated PB film was prepared which showed good
selectivity due to the low operation potential. As reported, the selection
of a supporting electrolyte can strongly affect the behavior of electro-
deposition (Abbaspour and Kamyabi, 2005). Various electrolyte solu-
tions of alkali metal salts (KCl, K»SO4, KNO3, KF, KClO4, K,CO3
NH4NO3;, CsNO3; and RbNO3) were tried to mix with the deposition
solution. The results demonstrated that KCl promoted the deposition
efficiency under a very low potential range using CV scanning.
Interestingly, by using KCl as the electrodeposition electrolyte, PB
can be synthesized in only single K4[Fe(CN)¢] solution due to the
decomposition of K4[Fe(CN)¢] in the electrochemical environment.

To date, electrochemical deposition is still a highly efficient method
for in-situ preparation of PB films. However, it is not useful in
controlling the PB nanostructure due to the rapid preparation process.
Moreover, this method strongly relies on the material and roughness of
the substrate. An uneven electrode surface can induce over-accumula-
tion of crystals at the partial sites to produce an unbalanced distribu-
tion which can cause an increase in electron transfer resistance and a
decrease in catalytic area. Therefore, with the aim of performance
enhancement, the development of novel techniques is expected for the
creation of PB film nanostructures.

4. Novel preparation methods for PB films

The principle of crystallography results in the initial formation of
seeds, and further growth relies on these seeds acting as the cores for
accumulation. The reason for hard control of the PB nanostructure
using the above two methods is attributed to their rapid crystallization
speeds, which tend to produce mass seeds with a tight distribution on
the support. This hinders sufficient growth of a single crystal and does
not form a regular nanostructure due to space constraints. Accordingly,
the key to realizing regular synthesis of the PB film is to control seed
formation.

Based on the above principle, self-assembly, the template-assisted
method, hydrothermal synthesis and many other approaches have been
developed. The following description will provide an introduction and
analysis of these methods and the various nanostructures of PB films,
and a discussion on the control mechanisms in nanostructure forma-
tion. Critical factors for the regular growth of PB films will also be
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discussed to benefit the further design of novel strategies.

4.1. Self-assembly method

Preparation of PB films by the self-assembly method was initially
developed in 2001 (Millward et al., 2001). In this method, a layer of
cationic polyelectrolyte was first modified on the supporting electrode
to show a positive charge. This charged electrode was initially dipped
into [Fe(CN)s]*" solution to adhere the anions by electrostatic interac-
tion. The electrode was then dipped into Fe>* solution to produce the
reaction and form the PB film. The above dipping steps can be repeated
to adjust the coverage and thickness of the PB film. The outcome of this
method is the result of the principle of layer upon layer, which is
supposed to qualify structure control. However, during this period, the
nanostructure of PB is not well controlled and a regular crystal shape is
not formed. Since 2009, we have carefully studied the self-assembly
process to clarify the influence of various preparation parameters on
PB structure (Liu et al., 2009a, 2009b). A decrease in pH value and
increase in K* electrolyte concentration during preparation was con-
firmed to benefit the formation of smaller PB particles with a more
uniform distribution. Importantly, the presence of polyelectrolyte
modified before assembly was confirmed as the main obstacle in
regular growth of the PB film. This polymer layer has high viscosity
with numerous positive charges to rapidly catch the [Fe(CN)g]* ions on
its surface. The characteristics of this first layer affect PB film
formation. Therefore, we investigated the relationships between the
modification conditions of polyelectrolyte (poly(diallyldimethylammo-
nium chloride, PDDA as the sample)) and the morphology of the
assembled PB film (Zhang et al., 2011). The results showed that the
amount of PDDA loaded, which was controlled by the adsorption
temperature, strongly affected the structure of the prepared PB
crystals. The less PDDA deposited, more regular crystals were formed.
Based on the above conclusion, we further attempted to directly use a
bare electrode without polyelectrolyte modification to assemble the PB
film (Liu et al, 2014). By controlling the deposition layers and
temperature, numerous embedded PB nanocubes 100 nm in size were
in-situ synthesized on a graphite electrode (Fig. 2). Due to the inter-
growth of each crystal, the as-prepared PB film showed good continuity
with few disadvantages, although most crystals only exposed a partial
feature of the nanocube. It should be noted that the layer-by-layer
method, which is similar to self-assembly, is often employed for the
fabrication of composite PB films (DeLongchamp et al., 2004; Zhao
et al., 2005). However, with this method it is difficult to achieve the
regular growth of PB with other materials except before the synthesized
regular crystals.

Self-assembly is an advanced method with high controllability for
the formation of the PB nanostructure. Deposition temperature, cycle
number and reactant concentration are the main parameters for
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adjusting the morphology of the prepared PB film. Nevertheless, the
disadvantage of this approach is that it is time consuming. Normally, to
obtain an integrated film, dozens of deposition cycles are required. Due
to the easy self-reaction of acid ferrocyanide solution, fresh preparation
is frequently performed to avoid this influence. Hence, waste increases
as the number of cycles increase.

4.2. Template-assisted method

In nanoscience, nanostructure exploration using a template is a
special method of nanoscale synthesis, where the structure of the target
material is limited by or follows the adopted template (Xu et al., 2007;
Li et al., 2013; Wang et al., 2008; Thomas et al., 2008). As previously
mentioned, PB cannot spontaneously form a regular structure easily;
therefore, the introduction of a template during PB preparation is a
simple strategy to solve this problem. Anodic aluminum oxide (AAO)
has been widely used as a hard template for the construction of tube or
porous nanostructures (Routkevitch et al., 1996; Lee et al., 2014). Zhou
et al. first synthesized a highly ordered porous alumina template with a
hole size of 50 nm by a two-step anodizing method from a pure
alumina foil (Zhou et al., 2002). The PB was then electrodeposited into
the cavities of AAO. After removal of the template by 1 M H,SOy,,
integrated and ordered PB nanowires of 50 nm diameter were formed.
In addition, using AAO, Johansson et al. developed a sequential
deposition technique that relies on the alternate deposition of acid
K4[Fe(CN)s] and FeCl; solutions on the template (Fig. 3a) (Johansson
et al., 2005). The authors found that the size and morphology of the
prepared PB nanoparticles were related to the deposition times. After
10 cycles of deposition, nanocubic PB crystals that were free-standing
without the support of the template were observed. Further adjustment
of the template dimension could tailor the length and the outer as well
as the inner diameter of the PB tubes.

Besides AAO, anodic titanium oxide (Gao et al., 2014), mesostruc-
tured silica (Goux et al., 2009) and carbon nanotube (Zhang et al.,
2004a, 2004b) have also been used in the fabrication of PB nanos-
tructures. The deposition methods of PB for these are similar with that
used for AAO. These hard templates often require the strong acid to be
removed, which may be dangerous for operators. Some soft templates
usually consisting of polymers are easily erased by very mild condi-
tions. Qiu et al. (2007b) adopted a multilayered polystyrene (PS)
colloid as the template during the electrodeposition of PB.
Tetrahydrofuran was only used for immersion, and a 3D ordered
macroporous PB film was revealed on the ITO surface. We further
extended this method using the mono-layer PS template (Fig. 3b) (Chu
et al.,, 2012). The surfactant, sodium n-dodecyl sulfate, can induce
mono-dispersion of PS beads. Using the self-assembly approach, PB
filled the gap produced by the geometrical stack of neighboring beads
to form a single layer of a PB nano-porous network after toluene

Without
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Fig. 2. Schematic of the self-assembly method for the synthesis of a PB nanocubes-based film. Reproduced from Liu et al. (2009a, 2009b) and Liu et al. (2014) with permission from

Elsevier.
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Template
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Fig. 3. Preparation routes using the template-assisted method for regular PB nanostructures with hard (a) and soft (b) templates. FESEM images in (a) and (b) show the prepared PB
nanostructured film. Reproduced from Johansson et al. (2005) and Chu et al. (2012) with permission from American Chemical Society and Royal Society of Chemistry, respectively.

washing. Qu et al. found that the polycarbonate membrane induced the
oriented growth of PB crystals to form a nanowire structure (Qu et al.,
2007). Each PB nanowire was independent with a larger space between
neighboring crystals than their diameter. The authors believed that this
morphology can work as the performance of the numerous individual
nano-electrodes was enhanced.

Silver (Ag) nanospheres and nanorods can also be used as
templates for the construction of PB hollow nanostructures (Shen
et al., 2014). After the formation of a nanostructured Ag suspension by
thermal reduction, K3[Fe(CN)g] and Fe(NO3)3 solutions were mixed to
synthesize PB shells around the surface of Ag nanocrystals. This
reaction relied on the consumption of Ag for the reduction of
K3[Fe(CN)e] to K4[Fe(CN)e], which the authors called a sacrificial
template method. With the continuous synthesis of PB, the Ag template
was gradually reacted, which left the interior hollow. Based on the
different morphologies of Ag nanospheres and nanorods, the PB shapes
can be constructed as hollow nanospheres and nanotubes, respectively.
These two types of PB nanocrystals were then immobilized on a GCE
electrode to investigate their electrocatalysis. According to a compar-
ison of CV results, the PB nanotube-based electrode exhibited higher
electrocatalytic activity due to its 1D nanostructure and provided an
easy and fast transfer tunnel for catalytic electrons. Although using this
method can produce various PB nanostructures by following the
adopted Ag morphologies, the Ag template cannot be totally erased.

The template-assisted approach is able to construct regular nanos-
tructures using a feasible process. However, the extra introduction of
material as a template also results in difficult removal. Although a soft
template can be dissolved by some strong polar solvents, a few residues
are not washed away, which could affect the performance of the PB
film.

4.3. Hydrothermal synthesis method

For crystal cultivation, hydrothermal synthesis has been widely
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used in the growth of single crystals (Wang and Li, 2002a; Mo et al.,
2002; Wang et al., 2002; Yu et al., 2013). However, this method is not
promoted in the formation of nanostructured PB. This is probably due
to its fast crystallization speed. The high temperature of the hydro-
thermal process can even accelerate the formation of PB crystals, which
induces rapid accumulation and intergrowth. In 2003, Kitagawa et al.
first found that the agglomeration process of PB can be controlled using
appropriate protective polymers (Uemura and Kitagawa, 2003).
Following this, some researchers reported their success in nanostruc-
ture control of PB crystals through various protectors using the
hydrothermal strategy. Commonly used protectors are all polymers,
such as polyvinylpyrrolidone (PVP) (Uemura and Kitagawa, 2003),
polyethylenimine (PEI) (Zhai et al., 2008), polyaniline (PANI) (Zhang
et al., 2007), and polyethylene glycol (PEG) (Hu et al., 2010). PVP, PEI
and PANT all possess amide groups which can produce weak coordinate
interactions with Fe ions. In the thermal environment, the rapidly
formed PB crystals are fixed to the polymer chain instead of aggre-
gated. Therefore, in this way, each newly formed crystal seed is
uniformly distributed and slowly grows to a large size. As reported,
well-defined nanocubic structures of PB with a highly homogeneous
50 nm size can be obtained under hydrothermal conditions with any
one of the above amide-based polymers. In the absence of the amide
group, PEG was able to accumulate PB nanoparticles at partial sites,
which resulted in six square faces and eight truncated faces of a
truncated cube (Zhang et al., 2007). With adjustment of PEG molecular
weight, lower polymerized PEG is beneficial in the formation of much
smaller and integrated mesocrystals. With a further decrease in the
amount of PEG added, the nanostructure of synthesized PB shifted to a
cube-like shape. Due to these findings, the authors claimed that PEG
induced the mesocrystallization of PB.

Instead of polymers, Zheng et al. used glucose as the nanocrystallite
stabilizer to obtain the regular cubic structure of PB powders (Zheng
et al., 2007). Interestingly, some cubic crystals showed a large sized
rectangular hole in the center (Fig. 4). By monitoring growth evolution,

S

microcubes

microframes

Fig. 4. Synthesis of PB microcubes and microframes by the hydrothermal method with glucose protection. Reproduced from Zheng et al. (2007) with permission from American

Chemical Society.
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the authors predicted a reasonable mechanism that, in a classic crystal
growth, PB was inclined to shape the cubic structure. However, on the
surface of the formed crystal, a CN group may be present, which would
possibly react with the Fe ions released from the reactant Fe(CN)>~ to
fuse the boundaries of adjacent nanocrystallites. Therefore, the center
of the cubic crystals was etched and showed a frame-like morphology.

However, without the addition of the above organic assistants, a
direct hydrothermal process is also possible to create regular nanos-
tructures of PB by controlling solution acidity and temperature (Hu
et al., 2009). By employing K4[Fe(CN)g] solution as the reactant, an
octahedron shape of PB was crystallized, when 2 mol/L HCl was added
at 120 °C for 24 h. The electron diffraction pattern shown by TEM
suggested that although the octahedron morphology was complex, this
PB crystal was still a single-crystal. The formation of this special
mesostructure was attributed to the presence of H* cations from HCI.
The authors explained that in the hot acid solution, dissociation of PB
occurred easily and the already formed PB crystals were etched and
reduced the nanoparticle concentration leading to oriented aggrega-
tion.

The hydrothermal process is good for regular nano- or micro-
structure crystal production. Its synthesis route is simple and the
amount obtained is high. More importantly, with the change in various
organic additives, different crystal morphologies can be obtained easily.
However, for biosensor fabrication, this method does not realize in-situ
crystal modification on the electrode surface due to the weak combina-
tion. Some researchers have introduced cross-linkers to adhere the
prepared powders on the electrode for application. These extra sticky
substances may cause blockage of the target reaction and electron
transfer, which strongly affect the performance of the PB-based
biosensors.

4.4. Other methods

In addition to the above-mentioned methods, special methods have
been continuously developed for the control of PB nanostructures.
These methods have not yet been widely used but possibly provide
some inspiration for synthesis of the regular nanostructure of PB
analogues and other materials.

The main problem in PB nanostructure formation is the fast
crystallization rate. In terms of reaction kinetics, the classic equation
for the reaction rate is described as follows (Laidler, 1979):

N
r=kcircgb...=k I I ¢t

i=1

&)

Where r is the reaction rate; a, and ap represent the reaction order of
components A and B; C, and Cy are the concentrations of reactants A
and B; and k is the kinetic parameter of this reaction. According to the
above principle, if the concentrations of the reactants can be greatly
reduced during PB formation, only a small quantity of reactants will be
needed to participate in the reaction, which will probably lead to a
regular nanostructure. Therefore, we conceived an in-situ aerosol
deposition route (Chu et al., 2010) to realize the slow formation of a
nanostructured PB film. In this process, commonly employed
K4[Fe(CN)g¢] and FeCl; aqueous solutions were changed to aerosols
which consisted of small units of reactants. When deposition time and
temperature were controlled, well-defined PB nanocubes grew on the
platinum surface, and the biosensing performance was increased two-
or three-fold. Fig. 5.

Another method was introduced by Vaucher and colleagues
(Vaucher et al., 2000), which was called the reverse microemulsion
method. They used an anionic surfactant AOT, sodium bis(2-ethylhex-
yDsulfosuccinate, for the preparation of reverse microemulsions to
encapsulate the reactants [Fe(C204)31°~ and [Fe(CN)¢]>~ as the mole-
cule shell to avoid the fast reaction of PB formation. The as-prepared
microemulsions were kept stable in the dark at room temperature.

22

Biosensors and Bioelectronics 96 (2017) 17-25

However, after exposure to daylight, [Fe(C204)3]>~ was photoreduced
to produce Fe?*, which reacted with [Fe(CN)¢]>~ to form nuclei and
clusters of PB. Following further incubation, uniform PB nanocubes
approximately 16 nm in size were obtained. Interestingly, the micro-
emulsion medium was able to prevent the aggregation of already
formed PB nanocubes. The size of the nanocubes only increased 2 or
4 nm after four days storage without any further protection strategy.
This approach has provided a routine process for the preparation of
ultrafine regular PB crystals.

Cao's group developed a sonochemical synthesis route for PB
nanocubes from a single-source precursor (Wu et al., 2006). In this
work, a very low concentration of 0.1 mM K,Fe(CN)s was the only
reactant with 0.1 M hydrochloric acid aqueous solution for prepara-
tion. Ultrasonic force was continuously applied to the precursor for 5 h,
which also prolonged the PB formation time. The PB product showed a
well-defined cubic structure with an approximate edge size of 250 nm.
HRTEM demonstrated the formation of single crystalline to PB crystals
and displayed the lattice fringes of the (200) and (020) crystal plane.
All PB crystals were enclosed by its {100} facets. Accordingly, the
authors proposed that the synthesis of a regular PB nanostructure
relied on the slow dissociated Fe?* ions from K4Fe(CN)g in the acidic
environment. The Fe?* ion was rapidly oxidized to Fe*, and then
reacted with the undecomposed K4Fe(CN)g to form PB. The authors
believed the ultrasonic effect contributed to cube formation, but no
further results were provided.

Song et al. adopted a galvanic displacement method to synthesize
PB nanoparticles (Song et al., 2007). [Fe(CN)¢]>~ and Fe>** ions in
acidic solution were used as the reactants which did not directly induce
the coordination reaction due to the lack of unshared paired electrons.
In order to produce the reaction, they introduced a Si wafer to excite
the galvanic displacement process. Due to the lower redox potential of
the Fe(CN)¢>~/*~ couple than the Fe*/2* couple, Fe(CN)¢>~ preferred
to reduce when the valance electron was released from Si. The Si wafer
surface was oxidized to SiO,. Due to the presence of Fe?* ions in
solution, the PB film was immediately synthesized due to coordination
between Fe®* and Fe(CN)g*~ ions. The formed size and distributed
density of PB particles was further demonstrated to be related to the
concentration of Fe** and Fe(CN)¢*~ ions. Round particles of 40 nm
were the smallest obtained in this study. Furthermore, the authors used
photolithographic techniques to map the PB patterns on the Si
substrate, which exhibited high electrocatalysis for H,O» detection.

Although these methods have not been widely used, they also
confirm the possibility of further development of more advanced
approaches in PB nanostructure control. Slowing down the reaction
rate of PB is the key to realizing regular growth of PB crystals.

5. Applications of nanostructured PB biosensors

The first PB film-based biosensor was developed by Karyakin and
coworkers in 1994 (Karyakin et al., 1994). They used an electrodeposi-
tion method to prepare a PB film for the electrocatalysis of glucose.
Although various PB modified electrodes were subsequently widely
fabricated, the nanostructure of PB film has not been elucidated. In the
last ten years, the rapid progress in nanotechnology provides an
opportunity for the promotion of PB film nanostructure control.
Numerous advanced nanostructures have demonstrated their superior
performance in the electrocatalysis of various physiological substances.
Here, we have summarized the biosensors prepared using regular
nanostructures of PB films in the recent literature, which are discussed
in relation to the classification of different biosensing targets.

5.1. Detection of glucose
Glucose is one of the basic energy sources in living organisms (Liu

et al., 2012a, 2012b; Qin et al., 2013). An abnormal glucose level often
indicates diseases such as diabetes, liver and kidney damage (Shaw



Z. Chu et al.

& ++ + 7
S + ™ 8
=4 V@ 5
= 5 #
o v ¢ dly ' 3
2 Vyy Vv
- o oW - e W W o
e, — G

= Fe(CN)s* aerosol
+ Fe3* aerosol

PB nano-cube

—

Pt electrode

Biosensors and Bioelectronics 96 (2017) 17-25

x40.0k SE(M) 6/18/2009

Fig. 5. Schematic of the aerosol deposition method for the in-situ fabrication of a PB nanocube-based electrode. Reproduced from Chu et al. (2010) with permission from Royal Society

of Chemistry.

et al., 2005; Chen et al., 2016). Although commercial glucometers (Aziz
and Hsiang, 1983; Xie et al., 2017) have been produced for the
detection of blood sugar (glucose), many researchers are still investi-
gating the development of novel glucose biosensors to enhance
accuracy (Lai et al., 2016; Wang et al., 2016). Highly sensitive, selective
and low-cost glucose biosensors are also continuously developed for
research purposes (Liu et al., 2012a, 2012b). The biosensing process is
mainly based on the following enzyme reaction (Liu et al., 2005; Lu
et al., 2011):

Glucose + Oy —————— Gluconolactone+H, 0,
glucoseoxidase

(3)

It should be noted that glucose has two structures, p-glucose and 1-
glucose, distinguished by the positions of hydroxyls. Normally, only r-
glucose can react with the oxidase, hence, freshly prepared glucose
should be stored overnight for use.

Professor Wang classified all electrochemical glucose biosensors
into three generations according to the different work principles
(Wang, 2008). The first-generation glucose biosensor works due to
natural oxygen in the solution. The second-generation glucose biosen-
sor relies on the redox mediator for the electrocatalytic reaction and
electron transfer. The third-generation glucose biosensor can directly
transport the electrocatalytic electron from the active center of the
enzyme (flavin adenine dinucleotide, FAD) to the electrode without a
mediator. As previously mentioned, PB is an excellent electrocatalyst
for H,0,. Therefore, the product of H,O, from glucose oxidation can be
directly reduced to produce electron transfer, which generates the
current signal for detection. Most PB-based glucose biosensors follow
the above electrocatalytic mechanism, and are classified as second-
generation biosensors. The recent progress in biosensor performance is
shown in Table 1. It should be noted that, in order to clarify the effects
of the nanostructure on performance, only single PB material instead of
the composite film-based biosensors are summarized. PB crystals have
many morphologies, including nanocubes, nanowires, and nanoclus-
ters, which have been synthesized for the fabrication of glucose
biosensors. All listed biosensors can be operated under a low potential,
normally <0V, which is beneficial for the promotion of anti-inter-
ference ability. As shown in Table 1, compared with irregular nano-
particles prepared by the traditional preparation methods, PB films
composed of regular nanocrystals have superior performance in
glucose sensing, especially sensitivity. The level of sensitivity is mainly
determined by the electrocatalysis and conductivity of the applied
material. Many reports have demonstrated that the crystals synthesized
as regular shapes normally possess higher catalysis than irregular
crystals due to increased active sites. However, we have not confirmed
that the formation of regular PB morphology may enhance electron
transfer resistance (Chu et al., 2010). However, the electrocatalysis of
PB seems to dominate the performance. PB is a stable inorganic
coordination compound with few active interaction sites; therefore,
glucose oxidase (GOx) is normally immobilized by the cross-linkers.
Glutaraldehyde (Yang et al., 2017), ionic liquid (Zhang et al., 2013),
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conductive polymers (Lai et al., 2016; Ramanavicius et al., 2017) and
other functionalized materials (Karyakin, 2001; Lee et al., 2017) have
been adopted for oxidase loading on PB films. Different cross-linkers
can affect the performance of the enzyme reaction, which is often
represented by the Michaelis-Menten constant (Dowd and Riggs, 1965)
and shows the substrate's affinity for the enzyme. In addition, when the
same cross-linker is used, Mattos et al. confirmed that different loading
methods can also affect the performance of PB-based glucose biosen-
sors (Mattos et al., 2001). These authors used Nafion dissolved in 90%
ethanol as the cross-linker. Two different loading procedures were
applied: (1) GOx and Nafion solutions were successively deposited on
the PB film as two layers; (2) GOx and Nafion were previously mixed
and deposited as one layer. According to their results, separate loading
of GOx and the cross-linker showed much better sensitivity and
stability. This may be attributed to the limited access of molecular
oxygen in the film due to the GOx-nafion mixture.

5.2. Detection of lactate and glutamate

Lactate and glutamate are two important physiological indices in
disease diagnosis. L-lactate is produced from pyruvate in the body by
lactate dehydrogenase during metabolism and exercise (Chan et al.,
2017). Its level can indicate tissue disease hypoxia, shock and
respiratory failure (Coyle et al., 1983; Buckner et al., 2016). For
detection by PB, lactate oxidase (LOx) is often employed in the
following reaction (Stoisser et al., 2016):
L — lactate + Oy ——— Pyruvate+H, 0O,

lactateoxidase

C))

Glutamate is an essential excitatory neurotransmitter in cellular
metabolism. Abnormal glutamate levels are mainly due to the occur-
rence of cerebral ischemia, Parkinson's disease and epilepsy (Coyle and
Puttfarcken, 1993; Jenkins et al., 2016). In addition, its electrochemi-
cal detection often relies on its oxidase. The related enzyme reaction is
as follows (Yao et al., 1990):

L — glutamate + Oy+H, 0 ——— 2 — oxoglutarate+H, O,
Glutamateoxidase

(5)

As shown in Egs. (4) and (5), no matter which oxidase is selected,
H>0, is one of the most important products in the enzyme reaction.
This is the basic requirement for the adoption of PB material as a
biosensing film. Compared with glucose detection, fewer studies have
focused on the preparation of lactate or glutamate biosensors (Table 1).
Nanostructured PB films are rarely synthesized and used for the
detection of lactate and glutamate. This may be attributed to the
higher cost of lactate and glutamate oxidase. However, according to our
research, the introduction of regular nanostructured PB can enhance
the response current during electrocatalysis of lactate or glutamate,
which is promising for decreasing the loading amount of oxidase and
effectively reducing the cost. In addition, according to the performance
outlined in Table 1, PB with a regular nanostructure synthesized by
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Table 1
Applications of nanostructured PB biosensors in the literature.
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Biosensing Preparation methods Nanostructure Work potential ~ Sensitivity (mA Limit of Linear range Reference
targets W) M em™2) detection (uM)  (mM)
Glucose Self-assembly Nanocube -0.05 127 10 0.01-1 Liu et al. (2014)
Self-assembly Nanogrid -0.1 34.8 2 2x107%-1.5 Chu et al. (2012)
Template-assisted method Nanocube -0.05 83.404 10 0.01-1.3 Jiang et al. (2016a, 2016b)
Template-assisted method ~ Nanotube -0.1 445 1 5x1073-8x10%  Xian et al. (2007)
Template-assisted method Nanogrid -0.1 30.63 10 0.01-1 Qiu et al. (2007a, 2007b)
Hydrothermal method Nanocube 0 46.7 5 1.6x1072-8.5 Wang et al. (2013)
Aerosol deposition Nanocube -0.05 359 10 0.01-1 Xu et al. (2015)
Chemical reaction method Irregular -0.05 2 7 0.02-0.4 Du et al. (2010)
nanoparticle
Electrochemical Irregular 0.05 1.9 - 0.1-20 Ramanavicius et al. (2017)
deposition method nanoparticle
Lactate Self-assembly Nanocube -0.05 12.5 10 0.01-0.1 Liu et al. (2014)
Self-assembly Nanogrid -0.1 4.5 10 0.01-2.4 Chu et al. (2012)
Template-assisted method Nanocube -0.05 6.379 10 0.01-0.5 Jiang et al. (2016a, 2016b)
Chemical reaction method — -0.1 0.096 - 0-28 Imani et al. (2016)
Electrochemical Irregular -0.1 1.36 0.84 4.4x1073-2.24  Lowinsohn and Bertotti
deposition method nanoparticle (2007)
Self-assembly Nanocube -0.05 238 10 0.01-0.1 Liu et al. (2014)
Glutamate Self-assembly Nanogrid -0.1 12.36 10 0.01-1.2 Chu et al. (2012)
Template-assisted method Nanocube -0.05 31.642 10 0.01-1 D Jiang et al. (2016); Y
Jiang et al. (2016)
Electrochemical Irregular 0 210 0.1 107%-107! Karyakin et al. (2000)
deposition method nanoparticle
Electrochemical Irregular 0 0.13 1.5 1.5x107%-0.15 Salazar et al. (2016)
deposition method nanoparticle

novel developed methods shows higher sensitivity in the detection of
lactate and glutamate, which is consistent with glucose analysis.
Therefore, the design of more advanced PB nanostructures with high
electrocatalysis of lactate and glutamate is meaningful for the further
development of industrial biosensor devices.

In addition, PB nanostructured films have also been used in the
detection of choline (Keihan et al., 2014), L-cysteine (Pandey et al.,
2012), organophosphorus pesticides (Zhao et al., 2015) and xanthine
(Harrad et al., 2016). The enhancement of performance due to the PB
nanostructure has been confirmed, although the related research has
not been widely extended. It is expected that, with better recognition of
PB crystallization behavior, more and different nanostructures of PB
will be developed for future potential applications.

6. Conclusions and perspectives

We have summarized the main synthesis methods of nanostruc-
tured PB films, with special emphasis on novel techniques for regular
nanostructure control. The mechanisms of these methods for regular
PB crystallization are discussed, and a general rule for the design of
novel synthesis approaches for regular PB nanostructure control has
been proposed. Overall, in order to obtain the regular shape of PB
crystals, a slow kinetic reaction rate is required, and certain protectors
should be adopted to decrease aggregation of the formed crystals.
These regular nanostructures of PB have been confirmed to possess
superior electrocatalysis to enhance biosensing performance. This is
mainly due to more active sites provided by the regular crystal shape
for electrocatalysis.

Not only PB, but also PB analogues rely on the same reaction
between the metal cation and metal cyanide anion for synthesis.
Therefore, all mentioned approaches in this review are also expected
to apply to the synthesis of regular nanostructures of PB analogues. PB
analogues have already been adopted in biosensor fabrication, and
some results have confirmed their superior performance. Currently, PB
and its analogues are also used in other important fields, such as fuel
cells, gas separation and environmental monitoring. However, in these
fields, nanostructured PB has not been widely adopted. We believe that,
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with the development of more advanced nanostructures of PB and its
analogues, this stable coordination compound can be further developed
in various scientific areas.
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